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ABSTRACT 
 Consumption of seafood poses a substantial threat to global biodiversity. 
Chemical contamination found in both wild-caught and farmed seafood also presents 
significant health risks to consumers. Flame retardants, used in textiles, upholstery, 
plastics, and other products to reduce risk of fire-related injury, are of particular concern 
as they are commonly found in the marine environment and permeate the tissues of fish 
that are sold for consumption via multiple pathways. The widespread issue of fishery 
collapse could be alleviated by demonstrating to stakeholders that many unsustainable 
fish stocks are also unhealthy and mutually disadvantageous for both human consumers 
and the environment. To thoroughly investigate the confounding factors and 
contradictory signals enmeshed in the relationship between ecologically sustainable 
fisheries and flame retardant contamination, I examined the biological characteristics of 
regional fish stocks which drive both contamination and perceived sustainability. I found 
that the biological and spatial aspects of commonly consumed aquatic and marine species 
best predict contamination when compared with various indices of sustainability. My 
results confirm that knowledge of flame retardant toxicity will become increasingly more 
important to consumers because a high percentage of global populations rely on coastal 
seafood for subsistence, and although dispersal of chemical contamination is still a poorly 
understood phenomenon, fish harvested closer to land are likely to contain higher 
concentrations of potentially harmful chemicals. Because some of the same biological 
traits which facilitate the uptake of chemicals also contribute to how a species responds to 
fishing pressures, concern for private health increases public consideration for the 
conservation of species at risk. 
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INTRODUCTION 
 Fishery collapse represents one of the most pressing sustainability challenges of 
our time (Pauly et al. 2002; Mullon, Fréon & Cury 2005; Costello, Gaines & Lynham 
2008; Worm et al. 2009; Pinsky et al. 2011; Gaines & Costello 2013). Poor management 
of economically and ecologically valuable species have caused fisheries around the world 
serious danger of collapsing and possible extinctions of many species, affecting hundreds 
of millions of people who are fed by fisheries (Gaines & Costello 2013). There are grave 
long-term effects on global biodiversity, even more so because the species at risk are not 
only those targeted for harvest but are also those which are victim to extensive bycatch 
(Gaines & Costello 2013). There is a great deal of uncertainty among conservationists of 
how to proceed concerning this problem. Some stocks are more inherently vulnerable to 
overfishing than others, which can serve as one measure of sustainability of a fish stock 
(Cheung, Pitcher & Pauly 2005). 
Human health is a second component of the seafood scenario. Seafood 
consumption can provide benefits to human consumers, but also poses a serious threat to 
marine and aquatic biodiversity. Consuming seafood is frequently advertised as a healthy 
dietary choice. Fish and shellfish are low in saturated fatty acids compared to other meat 
types and also supply important nutrients such as selenium and long-chain omega-3 
acids, among others; some of the world’s poorest countries are dependent on protein 
content in fish to meet healthful dietary requirements (Brunner et al. 2008). Many aquatic 
species are high in omega-3 polyunsaturated fatty acids (PUFAs) such as 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), nutrients which reduce 
risk of stroke and coronary heart disease mortality risk (Bouzan et al. 2005; König et al. 
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2005; Domingo 2007). In this study, I use the terms seafood and fish interchangeably to 
refer to both marine and freshwater species of fish, shellfish, and other consumed species. 
Despite the well-documented benefits for people who eat seafood, there is a 
growing body of evidence showing serious health risks due to chemical and heavy metal 
contamination of seafood species, contaminants which the fish ingest or absorb via their 
environment before they are harvested (Domingo 2007). Mercury has received much 
attention in both social and academic forums in recent years highlighting the increasing 
prevalence of mercury and methylmercury in seafood and its detrimental effect on human 
health, especially on the cognitive abilities of young children (Brunner et al. 2008). 
Women of child-bearing age are particularly at risk for this reason. Mercury and other 
contaminants are dangerous because they can biomagnify, in which concentrations of the 
contaminant amplify as they are passed up the food chain. The top predator (often 
humans) consumes the highest concentrations of substances the body is unable to break 
down or digest. Many people are now eating both too much and too little seafood, 
ingesting too much contamination and not enough nutrients, as a result of a general lack 
of consistent information (Buck et al. 2003; Mozaffarian & Rimm 2006; Brunner et al. 
2008). 
 Mercury has been the most commonly identified contaminant found in popularly 
consumed fish species, but a new class of contaminants is emerging and growing in 
importance. It is estimated that more than 175 chemical flame retardants are used in 
industrial production, at least 75 of which are brominated flame retardants (Brown & 
Cordner 2011; Covaci et al. 2011). Flame retardants and brominated flame retardants are 
used in “consumer and household” products such as electronics, mattresses, car and 
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airplane interiors, insulating polyurethane foams, carpeting, building materials, plastics, 
and textiles to slow the rate of combustion and reduce fire hazard in places where risk of 
fire is more common or more dangerous (Stapleton 2006; Bakker et al. 2008; Brown & 
Cordner 2011; Domingo 2012; Cordner, Mulcahy, & Brown 2013). Though humans are 
exposed to flame retardants largely through household dust released from common 
products containing flame retardants, the highest percentage of persistent organic 
pollutants (POPs), such as flame retardants, comes from consumption of fish even when 
fish is a small part of the diet (Voorspoels et al. 2007). These chemicals can disrupt 
endocrine function, impair spermatogenesis, and interfere with neurodevelopment, 
though they are used under the auspices of human safety (i.e., to lower the risk of fire 
occurrence) (Costa & Giordano 2007; Darnerud 2008). 
 During the 1970’s, the public pressured the tobacco industry to alleviate the 
widespread problem of cigarette-caused fires and resulting burn injuries. Victims would 
fall asleep smoking a cigarette in bed or on the couch, and cigarette consumers desired 
self-extinguishing cigarettes. In response to this demand, the tobacco industry 
successfully lobbied instead for the required incorporation of flame retarding chemicals 
into certain textile and furniture productions (Kristof 2013). Recent data suggest flame 
retardants are equivocal in repressing fire because, although fire events and injury have 
declined since the introduction of flame retarding chemicals, many other factors such as 
awareness and prevention protocol have influenced the spread of fire safety, and similar 
declines in fire danger have occurred where flame retardants were not used (Brown & 
Cordner 2011). As citizens began to call for the removal of such chemicals from their 
home environments, the Citizens for Fire Safety Institute opposed the accelerating 
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movement to regulate flame retardants, an organization which was later probed and 
discovered to be exclusively composed of the three major flame retardant manufacturing 
companies (Kristof 2013). 
Flame retardants can be found in the blood, tissue, and breast milk of humans 
(Costa & Giordano 2007; Voorspoels et al. 2007; Darnerud 2008; Brown & Cordner 
2011; Tian et al. 2011). The class of chemicals referred to as POPs are of particular 
concern because of the first word in the term, persistent, as these chemicals either do not 
break rapidly down in the environment or they break down into smaller but still persistent 
and often toxic substances. Fish and other aquatic species are exposed to flame retardants 
via runoff from industrial plants and via atmospheric events like wind and rain because 
flame retardants are easily released into the air during industrial production and use (Tian 
et al. 2011). Fish swallow particles or absorb the chemicals in the surrounding water 
(Tian et al. 2011). Microplastics, tiny pieces of plastic trash found in large volumes in the 
marine environment, are newly thought to also have a hand in chemical uptake as 
chemicals will adsorb to the plastic; it is easy for fish to ingest the small pieces (Betts 
2008). When humans consume the fish, contaminants previously ingested by the fish are 
passed on, biomagnifying in the bodies of humans. I researched nine of the most 
commonly encountered flame retardants: polybrominated dibenzodioxin (BDD or 
PBDD), polybrominated dibenzofuran (BDF or PBDF), bromophenol (BRP), 
hexabromocyclododecane (HBCD or HBCDD), methoxylated polybrominated diphenyl 
ether (MeO-BDE), hydroxylated polybrominated diphenyl ether (OH-BDE), 
polybrominated biphenyl (PBB), polybrominated diphenyl ether (PBDE), and 
polychlorinated diphenyl ether (PCDE). There has been little documentation of the 
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environmental prevalence of these nine flame retardants, though we know concentrations 
of these POPs are increasing rapidly (ATSDR 2004; Domingo 2005; Bustnes et al. 2012; 
De la Torre et al. 2012; Skinner 2012; Zhang et al. 2012). PBDE is the most commonly 
studied of these. 
Although flame retardants have been in use for several decades, not much is 
known about their specific toxicology. Because of the uncertainty related to the danger of 
contamination, the reactive movement has been slow to begin countering the spread of 
dangerous flame retardants, actions which must have a strong base in empirical evidence 
to gain ground. The 2004 ban in Europe of certain PBDEs did not initially accomplish 
much in terms of global influence, as 50% of PBDE demand as well as 95% of the 
worldwide demand for the “most environmentally problematic PentaBDE” was centered 
in the United States at the time (Bakker et al. 2008; Yogui & Sericano 2009; Covaci et al. 
2011). The United States has seen some voluntary eliminations of certain better-known 
flame retardants rather than policy changes in the past several years, as demonstrated by 
Walmart’s public choice in 2011 to cease purchasing products containing PBDE 
(Vonderheide et al. 2008; Brown & Cordner 2011). Mounting empirical data on nutrient 
content and contamination continues to lead more professionals from the fishery and 
health related fields to provide recommendations for eating decisions that maximize 
benefits to consumers while minimizing health risk (Sirot, Leblanc, & Margaritis 2012). 
Some conservationists argue that the recent healthy fish movement has resulted in harm 
to the environment, and that we should not tell people to eat more fish without informed 
direction because of the urgent need to conserve fish species and biodiversity (Brunner et 
al. 2008). 
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Two seemingly distinct problems surrounding seafood have now been presented: 
the conflict between the benefits and risks for human health, and the repercussions for 
biodiversity stemming from human consumption of seafood. 
 One of the more popular methods of informing consumers who make dietary 
decisions is the seafood guide approach in the form of pocket guides, pamphlets, and 
phone applications which give advice relating to the perceived sustainability of types of 
seafood. The first sustainable seafood guide was published by Audubon in 1998, and 
there are now approximately 200 sustainable seafood guides put out internationally 
(Roheim 2009). The traffic light system, assigning a fish stock to either red, yellow, or 
green ranking (indicating least sustainable, moderately sustainable, and most sustainable), 
is an effective method of communicating environmental effects of fish consumption to 
the average consumer in a way that creates long-lasting habits (Washington State 2009; 
Doucleff 2014). 
Seafood guides have had distinct effects on fish markets in how much and what 
kinds of fish are consumed, but these drivers are not necessarily in the right direction for 
the right reasons (Roheim 2009; Goyert, Sagarin & Annala 2010). Problems with the 
sustainable fish public advisories include lack of a quantifiable definition of 
“sustainability” and a substantial lack of consistency across the many guides (Roheim 
2009). There are many ways by which scientists can measure aspects of what we term 
sustainability, and many ways to achieve conflicting information about fishery health and 
sustainability status. As a result, the list of fish that represent a consensus across several 
of the more popularly used seafood guides is quite short (Roheim 2009). Furthermore, it 
is suggested that seafood guides have not been a success for environmental conservation 
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and that individual species stock management has not been effective. This stands in direct 
contrast to the medical recommendations that human health issues depend on managing 
species individually (Brunner et al. 2008; Roheim 2009). 
 Managers and stakeholders are unsure of how to solve the dual problems of 
environmental and human health with the consumption of seafood, although significant 
steps have been taken in each field. However, a pragmatic step in the right direction 
might simultaneously treat both problems. A “judicious conservation opportunity” exists 
in the realm of human health where we can capitalize on the alignment of goals (Redford 
et al. 2014). Initial research has shown that, in general, ecologically sustainable seafood 
also contains less mercury, revealing a common ground shared by the goals of human 
health and of conservation (Gerber, Karimi & Fitzgerald 2012). The objective of the 
current research is to unite the available literature describing flame retardant 
concentrations found in edible fish and shellfish species for the purpose of comparing 
these contaminant data with sustainability indices, as flame retardants are considered the 
next important contaminant in ecological, medical, and social spheres. Expanding on the 
initial correlation between mercury and sustainability, I hypothesize that flame retardants 
follow a similar trend. 
 Chemical contamination does not measurably cause a fishery to be unsustainable. 
Are ecologically sustainable fisheries and flame retardant contamination negatively 
correlated in statistical, not causal, relationships? Sustainability may be a proxy for the 
biological life history characteristics which influence both contamination rates and 
sustainability as I quantify it here. Which biological characteristics of regional stocks are 
related to flame retardant concentrations? My hypothesis is that trophic level is one 
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predictor variable because the science shows flame retardants biomagnify, and many 
species at the top of the food chain exhibit vulnerable life history traits and are often 
harvested most vigorously. A second hypothesis which could have significant impact 
relates to proximity to the coast. If flame retardants are released from land-based centers 
of production and use, it follows that concentrations would be higher in both wild-caught 
and farmed populations near land. I will further explore how these life history 
characteristics relate to fishery sustainability. 
The project strategy is to gather flame retardant data, assess chemical 
concentrations, quantify aspects of ecological sustainability, and examine the relationship 
between contamination and sustainability via species-level biological traits. I will report 
the results of my investigation and provide online a short addendum briefly discussing 
the ethical and economic implications of my findings. In this extra chapter I will examine 
consumer and non-human values in context of seafood health and fishery sustainability, 
and also supplier motivation by considering the shift away from unsustainable fisheries 
through reduced consumption of contaminated seafood. If a connection is found between 
elevated contamination and reduced sustainability, the conclusion will be more important 
for conservation efforts because most stakeholders are already proponents of human 
health. Conservation, on the other hand, is in need of support. If eating more sustainable 
types of seafood is also beneficial to human health, conservation will achieve much from 
distributing this information. 
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METHODS 
I. Flame retardant concentrations 
 I collected data that were composed of measured concentrations of the nine 
halogenated flame retardants, BDD, BDF, BRP, HBCD, MeO-BDE, OH-BDE, PBB, 
PBDE, and PCDE, in any fish or shellfish that is consumed by people globally. I used 
sources that focused on both marine and freshwater fish that included both farmed and 
wild caught. All samples were collected in 2002 or later. I did not use data presented in 
studies conducted by non-governmental organizations, public interest groups or news 
media which were not peer-reviewed or incorporated into government monitoring efforts. 
I was only able to use studies written in English and English papers that were translated 
from the original language. I omitted data that did not include sampling as well as 
experimental data from reports in which chemical levels were artificially manipulated. 
The data extracted from all sources, if given, included mean or median concentrations of 
the flame retardant found in a particular fish, sample size, sample date, standard error, 
range, and geographic location. I calculated standard error when it was not reported by 
the source if standard deviation and sample size were given instead. 
 I conducted literature searches using Web of Science and Google Scholar, using 
search terms for the chemical class, specific congeners, and the common names of fish or 
shellfish. A congener is a particular variant of the molecular structure of a chemical. The 
data sources include peer-reviewed academic papers and state and federal government 
agency reports. 
 To standardize these data, I converted the concentrations to uniform units and 
recorded in nanograms/gram (ng/g) wet weight, which is equivalent to parts per billion 
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(ppb). Sources often listed chemical concentrations as either dry weight or lipid weight, 
requiring conversions. Dry weight is equal to the wet weight multiplied by the value of 
proportion of water subtracted from 1: 
Wet weight = Dry weight / (1 - 
      
   
 ) 
Lipid weight is calculated similarly: 
Lipid weight = Wet weight / (1 - 
       
   
 ) 
These two relationships were used to calculated wet weight concentrations when dry or 
lipid weight was given, so long as the source provided the sample’s percentage of water 
of lipid content. Standard error given in lipid weight, however, cannot be converted with 
integrity and was therefore excluded. 
If a pooled sample was used in analysis, as I found was common with small 
species such as anchovies, mussels, or shrimp, I recorded the total number of fish as the 
sample size rather than the number of analyzed samples which combined flesh from 
multiple individuals. If the original authors reported which part of the fish was analyzed 
(e.g. fillet, liver, eggs), I took note of it and recorded each value for each part of the fish 
separately. However, very few sources provided the specific section of the fish which 
was sampled, so these distinctions were ignored during the final summarization of the 
database. Certain authors exploring market-sampled seafood sometimes gave measured 
concentrations of flame retardants found in fish mixed with another food type, sardines in 
tomato sauce or canned salmon and mixed vegetables, for example. In this case, I used 
the mean concentration only when the fish was separated from the other foodstuff before 
analysis. A quality check was completed by imposing a uniform format and randomly 
comparing 20% of the recorded data to the original sources to ensure maximal integrity 
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and minimized human error. When I found a mistake, I checked all entries from that 
source, effectively verifying a good deal more than 20% of the data. 
Given the sizeable range of observed contamination with reported values 
spanning 10 orders of magnitude for 9 flame retardants, my analyses focus solely on the 
best-described contaminant in the database (PBDE) . The PBDE dataset included 458 
samples containing 187 types of fish from 41 contributing sources and 49 unique 
congeners (BDE-28, BDE-66, BDE-100, etc.). Congeners were summed to reflect a 
single metric for PBDE in cases where the author reported congener concentrations and 
not one concentration for ΣPBDE. While collecting data from various primary research 
publications, I found that some authors analyzed for a flame retardant as a whole, and 
some authors analyzed for individual congener concentrations and reported the sum of 
these as the value for the flame retardant as a whole. This means that both authors report 
ΣHBCD, for example, but one author analyzed for HBCD and the other author analyzed 
for α-HBCD, β-HBCD, and γ-HBCD, and added the results for reporting. Since the 
database I populated represents a mix of these two methods, it seems feasible to simply 
add all congeners and report one value for the flame retardant, since many authors did 
this already and I would thereby make the data consistent. However, there is also 
significant reason to doubt this technique. Many labs lack the funding to analyze for all 
known congeners of a chemical, and this could be reason why a study reported results on 
a congener basis and did not provide a sum value. 
 Some sources gave the median concentration rather than the mean concentration 
found in the analyzed fish flesh. In these situations, I used the medians and relied on the 
large size of the database for robustness to absorb the effects of treating many means and 
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a few medians as the same measure. When both the mean and the median were given, I 
observed informally that they appeared to be quite similar or approximately the same, and 
later confirmed this assumption statistically (Shapiro-Wilk; W = 0.995, p-value = 
0.1834). 
Additionally, a few sources provided zero values as the mean concentration of a 
congener or flame retardant, but provided values greater than zero for congeners. In the 
very few cases where this occurred, the individual congener concentrations were added 
and used instead, in keeping with the methods used when no sum concentration was 
given at all. It is unclear why authors would report the whole concentration as 0 but give 
values for the parts of the whole which are greater than zero, though significant figures or 
undisclosed rules of reporting data could have been used. This situation unfortunately 
strengthens my doubts about the similarity of given sum values and values I summed 
myself using given values for individual congeners. However, the presence of zero values 
in my sources encourages the notion that I included not only observations where PBDE 
was found, but also observations where biotic tissue was examined for PBDE regardless 
of the outcome. If I want to examine underlying trends, it is important that I do not select 
for observations where PBDE was actually found, but that I also include when scientists 
looked for PBDE but found none. 
II. Other variables and analysis methodology 
I collected a number of other variables, apart from PBDE concentrations, which 
describe the kinds of fish in my dataset. These variables can be assigned to one of two 
categories, sustainability and biological. Sustainability variables include Bcurrent / BMSY 
(current available biomass / biomass available if harvested at MSY), ucurrent / uMSY 
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(current harvest rate / harvest rate at MSY), sustainable seafood guide rankings from the 
Monterey Bay Aquarium (MBA), and vulnerability values published by Cheung, Pitcher, 
and Pauly (2005). Bcurrent / BMSY and ucurrent / uMSY were both collected from Worm et al. 
(2009), and both the vulnerability values and trophic level were available at Fishbase.org 
and SeaLifebase.org, a mirror site containing invertebrate species. Worm et al. (2009) use 
harvest rate to signify fishing mortality rate. The biological variables are life history traits 
intrinsic to the species, and include trophic level, depth, weight, lifespan, and water zone 
or habitat. Fishbase.org provides trophic level, a value showing where a species is found 
in the transfer of energy up the food web, maximum reported depth, maximum reported 
weight, maximum reported age of a species of fish, and zone. Zone refers to different 
layers of water such as demersal, pelagic, or benthic. 
In the case of small invertebrate or sessile species such as shrimp, mussels, 
scallops, etc., I estimated weight when it was not given. The average weight of a scallop 
is 0.01 kg, and based on this information I filled in values from 0.01-0.05 kg for similar 
fish when the information was missing. The fat content of different species, although 
related to weight, does not depend directly on weight. Many flame retardants are assigned 
a high Kow value, indicating they distribute into the fat of biota (Birnbaum & Staskal 
2004). Given this tendency, the fat content would have an impact on contamination rates 
in different kinds of fish, but this information was not readily available for analysis at this 
time. 
Other variables which were important to the analysis include origin and harvest 
method (farmed or wild). Because of the variability in the detail of the origination 
information provided by the sources, I used seven broad regional labels to categorize the 
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fish: Asia, China, Japan, North America, North American Atlantic, Northern Europe, and 
Southern Europe. These regional categories covered all fish in my dataset while 
maintaining a more or less comparable sample size between them and also significance of 
the distinctions: Southern and Northern Europe are different inherently, while China and 
Japan are significantly different determined by my results. 
The four variables used as indices for sustainability, Bcurrent / BMSY , ucurrent / uMSY , 
vulnerability, and MBA seafood guides rankings, were used in various regression 
scenarios. Each represents a different way of describing ecological sustainability. Bcurrent / 
BMSY and ucurrent / uMSY have been estimated and reflect the conditions of the current 
population (data recorded 2001-2009) compared to the conditions of the stock under 
specific circumstances for reference (Worm et al. 2009). In the nature of ratios, a biomass 
ratio ( Bcurrent / BMSY ) that is greater than 1 indicates better sustainability, where a harvest 
ratio ( ucurrent / uMSY ) that is less than 1 indicates better sustainability (Worm et al. 2009). 
Vulnerability values take inherent biological characteristics into account such as 
reproductive history, lifespan, and resilience under stress, where the public seafood 
guides evaluate sustainability mainly by considering the environmental impact of current 
stock-specific harvesting techniques. Vulnerability values are assigned on a scale of 0 to 
100, with 100 being most vulnerable (and least sustainable, in context of my project), 
while the Monterey Bay Aquarium seafood guide provides a numerical value with two 
decimal places from 0 to 10, 10 being the best choice. 
Of 458 PBDE observations, vulnerability rankings were recorded for 454 and 
both the biomass and harvest ratios—the Worm et al. (2009) values—were available for 
only 50 entries. The sustainability and biological traits should not be used with farmed 
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fish for various reasons. For example, farmed fish do not take the same place in the 
typical food web structure, and they are not subject to fishing pressures in the way that an 
unmanaged population would be. For these reasons, I omitted all farmed fish from my 
analysis, removing a small percentage of the dataset (just 30 observations) and leaving 
165 wild-caught fish and those for which wild or farmed status was not reported in the 
source (unknown). In addition to the limits imposed by excluding aquaculture, it became 
apparent that the numerical rankings used in the MBA Seafood Watch reports are used 
only in more recent reports, and many older analyses did not provide a numerical value. 
This further contributed to the small size of the MBA dataset. MBA values constricted 
the dataset the most, with only 22 matched observations after farmed fish were 
disregarded. 
The vulnerability data values available from Fishbase.org and SeaLifebase.org are 
useful because they are provided for many of the world’s identified fish species. 
However, these vulnerability values are often criticized by fishery scientists because they 
represent an inaccurate scaling across different species. Vulnerability is calculated by a 
fuzzy logic system based on 10-20 life history traits per species (Cheung, Pitcher, & 
Pauly 2005). Most of these data do not exist for many under-studied species, leaving 
holes in the dataset which are glossed over by the fuzzy logic evaluation model. Despite 
these flaws, the vulnerability values are often considered the best broadly available index 
for ecological resilience across a significant number of species, provided the scientifically 
valid concerns are kept in mind. 
In fitting linear models to variables in various tests, I used a weighted least 
squares approach to combat double-counting. This technique weights an observation, in 
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the case of multiples of that fish type in the same region, by the inverse of the number of 
total observations of the fish type in the region. To demonstrate, if multiple authors 
reported contamination levels in common carp from Southern Europe, I needed to reduce 
the influence each observation carried in the regression so the information would remain 
comparable to, for example, Northern European cod reported by only one source. 
However, the technique may reduce the influence of factors which do show a signal, 
while it is also possible that it could over-inflate those observations which do not show a 
signal. My decision was that double-counting in my dataset would be worse than 
obscuring the real influence of coincidentally duplicated observations. 
I did not include regional distinctions when focusing on the Worm et al. values, 
biomass and harvest rate, or on the MBA seafood guide values, because these indices are 
composed mainly of North American observations, and also because the sample size was 
very small. Tables 1-4 display the central relationships I explored. 
 Table 1. Research question I. PBDE ~ Sustainability 
  
 
 
 
  
 
 
 
 
Independent Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 
MBA Guide X      
Vulnerability  X    X 
Region  X     
Biomass   X  X X 
Harvest rate    X X X 
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 Table 2. Research question II. PBDE ~ Life history 
 
 
 
 
 
 
 
 
 Table 3. Research question III. Sustainability ~ Life history 
 
 
 
 
 
 In addition to modeling analysis investigating the interactions among biological 
characteristics and sustainability indicators, I compared simpler statistical estimates to 
disentangle the relationships among ecological sustainability, flame retardant 
contamination, and inherent biological life history traits. I used a binning approach to 
investigate these estimates, and assigned three categories to depth, weight, lifespan, and 
zone (Table 4). The boundaries of these categories were established by using commonly-
used stratifications while also taking into account the size of the dataset. I balanced 
Independent Model 7 Model 8 Model 9 
Model 
10 
Model 
11 
Model 
12 
Trophic level X X X  X X 
Region X  X X X X 
Depth  X X X X X 
Zone    X X X 
DepthXZone    X X X 
Weight     X X 
Lifespan     X X 
Interactions      X 
Independent 
Model 
13 
Model 
14 
Model 
15 
Model 
16 
Model 
17 
Model 
18 
Region X X X X X X 
Life history  X  X  X 
Interactions  X  X  X 
Dependent Biomass Harvest rate Vulnerability 
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widely-used category limits with divisions that left the subsets relatively comparable in 
size, resulting in a coarse-scale approach (only three levels). 
 Table 4. Life history variables and category definitions 
Variable Category Definition 
Depth Shallow 0 – 200m 
Middle 201 – 800m 
Deep 801 – 4800m 
Weight Small 0 – 2kg 
Medium 2.01 – 25kg 
Large 25.01 – 650kg 
Lifespan Short 0 – 10yrs 
Medium 10.1 – 20yrs 
Long 20.1 – 88yrs 
Zone Surface Bathypelagic, Pelagic, Pelagic-neritic, Pelagic-oceanic 
Benthopelagic Benthopelagic (found both near the bottom and the 
surface) 
Bottom Bathydemersal, Benthic, Demersal, Reef-associated, 
Sessile 
   
 
DATA 
The sample of log-transformed PBDE concentrations reflects normal distribution 
of the population (Shapiro-Wilk; W = 0.995, p-value = 0.1834) and also indicates 
feasibility in treating means and medians as comparable measures of contamination, 
where bimodality would have discouraged this. The minimum and maximum PBDE 
concentrations found were 0.002 ng/g and 10831.5 ng/g, wet weight. For the purpose of 
robust analysis, 2 outlier observations of approximately 500 were omitted from 
calculating averages, but not omitted from regression models, once I determined they far 
exceeded the common limits of contamination within the database. These observations, 
common carp (Cyprinus carpio) and flathead catfish (Pylodictis olivaris) from rivers in 
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Virginia, had reported PBDE concentrations of 8317.4 ng/g at n = 7 and 10831.5 ng/g at 
n = 6. All other values were 2200 ng/g and below. The 0.002 ng/g concentration was 
observed in Pacific cod (Gadus macrocephalus) caught in Japan with unreported sample 
size. 
 North America seems to be characterized by the highest contamination, with an 
average of 157.15 ng/g, followed by 54.94 ng/g in Asia, distinct from China and Japan 
(Figure 1). In general, I found that PBDE concentrations increased as estimated lifespan 
and weight increased, and as depth decreased (Fig. 2). All error bars in my figures reflect 
standard error. North America consists of freshwater observations and marine which did 
not specify exact origin within the region. 
 Fig. 1. Average contamination in the different region categories 
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 Fig. 2. PBDE concentrations and biological characteristics; Depth refers to 
 maximum recorded depth a fish was caught at, Weight, the maximum weight, and 
 Lifespan, the oldest recorded age 
 
 Asia, Japan, and North America in particular show a sharp decrease in 
concentration levels as habitat becomes deeper, signaling moving away from shore (Fig. 
3). Contamination is positively correlated to weight and estimated lifespan (based on 
maximum reported age), severely in North America and less so elsewhere (Fig. 4 & 5). 
 Fig. 3. PBDE in shallow, mid-depth, & deep water fishes 
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 Fig. 4. PBDE in small, medium, and large species 
 
 
 Fig. 5. PBDE in short, medium, and long-lived species 
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 Using Fishbase.org information, I was able to assign a zone to different fish 
species, these habitats including sessile, demersal, reef-associated, benthic, 
benthopelagic, bathydemersal, bathypelagic, pelagic-neritic, pelagic-oceanic, and pelagic. 
The 3 zones with highest average contamination were benthopelagic (throughout the 
water column), sessile (anchored to one place on the bottom), and pelagic-neritic 
(coastal), with 93.41, 59.34, and 52.87 ng/g, respectively (Fig. 6). In comparing sessile 
species only, being permanently embedded in the sediment, it is apparent that Asian 
shellfish have a much higher average concentration than the average across all fish 
observations, at 89.27 and 39.72 ng/g (Fig. 7). Brominated flame retardants such as 
PBDE are known to accumulate in sediment because higher Kow values indicate affinity 
for “sticky” charged particles found in sediment. Fig. 8 and 9 show how the zones 
compare across region. 
 Fig. 6. PBDE in aquatic zones/habitats 
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 Fig. 7. PBDE in sessile species, n = 34: Blue mussels (Mytilus edulis), 
 Bay mussels (Mytilus galloprovincialis), Native oysters (Ostrea edulis), 
 Pacific oysters (Crassostrea gigas) 
 
 
 Fig. 8. PBDE near the surface, near the bottom, and in benthopelagic waters 
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 Fig. 9. Surface, bottom, & benthopelagic waters, excluding North America 
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 Figures 10-12 display representation of each biological characteristic in the set of 
observations. Most of the fish analyzed here are typically found in shallow waters near 
the bottom, are of medium weight, and are characterized by longer estimated lifespan. 
 Fig. 10. Marine and freshwater fish observations of habitat, n = 184 
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 Fig. 11. Marine and freshwater fish observations of life history. From left to right: 
 n = 347, n = 287, n = 330, n = 304 
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 Fig. 12. Life history of regional stocks: sample composition 
 
0 20 40 60 80 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
Lifespan 
Weight 
Depth 
S
o
u
th
er
n
 
E
u
ro
p
e 
N
o
rt
h
er
n
 
E
u
ro
p
e 
N
o
rt
h
 
A
m
er
ic
an
 
A
tl
an
ti
c 
N
o
rt
h
 A
m
er
ic
a 
Ja
p
an
 
C
h
in
a 
A
si
a 
Observation counts 
28 
 
 A high volume of fish observations were recorded the United States, China, and 
the United Kingdom. The numbers given in Fig. 13 represent sample size, or number of 
individuals harvested for research contributing to the present study. 
 Fig. 13 Number of individual fish sampled in various countries 
 
  
RESULTS 
I. Are sustainable fisheries and flame retardant contamination negatively correlated? 
 I show the results of various regression scenarios with log(PBDE) as the 
dependent variable and sustainability indices as independent variables in Table 5. R-
squared values are all below 0.3; sustainability measures explain less than 30% of 
contamination rates. Vulnerability values limited the pool of observations the least, while 
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MBA seafood guide ratings and the Worm et al. (2009) values yielded n = 22 and n = 50. 
4 of 10 coefficients were found to be significant. Additionally, upon examining the 
correlation matrix pertaining to the 4 sustainability indices, there was not a high degree of 
correlation between any pair. These measures of sustainability show no strong tie with 
flame retardant concentrations. 
 Table 5. Examining measures of sustainability as predictors of contamination. 
 Estimates (t-statistic), with significance indicated by 
.
 for 0.05 < p- value < 0.1, * 
 for 0.01 < p-value < 0.05, ** for 0.001 < p-value < 0.01, and *** for 0 < p-value 
 < 0.001. For variables which included multiple estimates (Region,  Zone, 
 Interactions), I chose the coefficient with the highest t-value for display in  the 
 table. 
 
  
 
 
 
 
 
 
 
 
 
II. Which biological characteristics of fish are related to flame retardant concentrations? 
 Table 6 contains the results of my second research question concerning the life 
history traits which may or may not drive contamination trends. In these scenarios, 
sample sizes are not drastically limited, and R-squared values indicate life history traits, 
Independent 
Model 
1 
Model 
2 
Model 
3 
Model 
4 
Model 
5 
Model 
6 
MBA Guide 
0.2919 
(1.209) 
     
Vulnerability  
0.0168 
(2.474)* 
   
-.0175 
(-.811) 
Region  
Asia 
4.8819 
(4.7)*** 
    
Biomass   
0.2730 
(0.342) 
 
0.3730 
(0.523) 
-.8776 
(-1.932) 
.
 
Harvest rate    
2.9017 
(4.3)*** 
2.5623 
(3.7)*** 
0.7119 
(1.479) 
Number of 
observations 
22 424 50 50 50 50 
R-squared 0.0681 0.2647 0.0025 0.2912 0.2473 0.1400 
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and their interactions, could explain approximately 60% of PBDE contamination. 13 of 
25 displayed coefficients were significant. I found that life history traits have an 
observable relationship with contamination trends. 
 Table 6. Examining biological characteristics as predictors of contamination. 
 Estimates (t-statistic), with significance indicated by 
.
 for 0.05 < p- value < 0.1, * 
 for 0.01 < p-value < 0.05, ** for 0.001 < p-value < 0.01, and *** for 0 < p-value 
 < 0.001. For variables which included multiple estimates (Region,  Zone, 
 Interactions), I chose the coefficient with the highest t-value for display in  the 
 table. Model 10 Zone is Pelagic-neritic; Model 11 Zone, Benthopelagic, and 
 Model 12 Zone, Pelagic-oceanic. Model 10 interaction between Depth and Zone 
 is Demersal; Model 11, Pelagic-neritic; Model 12, Demersal. Interactions between 
 all variables display the coefficient and t-statistic for the interaction between 
 Weight and Benthopelagic. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Independent 
Model 
7 
Model 
8 
Model 
9 
Model 
10 
Model 
11 
Model 
12 
Trophic level 
-1.3660 
(-5.8)*** 
-1.621 
(-6.5)*** 
-1.8679 
(-7.5)*** 
 
-.2810 
(-.646) 
-567.3 
(-.412) 
Region 
NAmAtl 
3.8659 
(2.62)** 
 
NAmAtl 
3.4199 
(2.256)* 
Asia 
4.8070 
(3.7)*** 
NAmAtl 
2.050 
(1.051) 
Japan 
9.321 
(0.438) 
Depth  
0.00163 
(4.1)*** 
0.0014 
(3.4)*** 
-.0016 
(-2.05)* 
-5.7e05 
(-.041) 
-2.918 
(-.420) 
Zone    
-1.1690 
(-1.415) 
2.232 
(2.332)* 
266.2 
(0.817) 
DepthXZone    
0.0045 
(4.1)*** 
-.0012 
(-.604) 
-.0054 
(-.710) 
Weight     
-.0080 
(-2.13)* 
0.0067 
(0.021) 
Lifespan     
0.0346 
(3.9)*** 
-.1418 
(-.323) 
Interactions      
0.0490 
(1.901) 
.
 
Number of 
observations 
318 247 247 247 116 116 
R-squared 0.1388 0.1696 0.2477 0.3959 0.4529 0.6187 
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III. How are these life history traits related to fishery sustainability? 
 Finally, I tested for relationships between biological life history traits and the 
measures of sustainability. I did not include the MBA seafood guide variable because 
there was not substantial overlap between MBA and biological traits observations. 
Region and these biological factors are both influential in explaining contamination 
trends, with R-squared = 0.8853, 0.7925, and 0.9722, when the biomass ratio, the harvest 
rate ratio, and Vulnerability, respectively, served as the dependent variable (Table 7). 15 
of 24 coefficients were associated with significant p-values. 
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Table 7. Examining biological characteristics as predictors of sustainability. 
 Estimates (t-statistic), with significance indicated by 
.
 for 0.05 < p- value < 0.1, * 
 for 0.01 < p-value < 0.05, ** for 0.001 < p-value < 0.01, and *** for 0 < p-value 
 < 0.001. For variables which included multiple estimates (Region,  Zone, 
 Interactions), I chose the coefficient with the highest t-value for display in  the 
 table. Model 14 Zone is Pelagic-neritic; Model 16 Zone, Pelagic-oceanic, and 
 Model 18 Zone, Pelagic. Interactions between all variables display the coefficient 
 and t-statistic for the interaction between Trophic level and Northern Europe for 
 Model 14 and 16, and between Trophic level and Lifespan for Model 18.. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Independent 
Model 
13 
Model 
14 
Model 
15 
Model 
16 
Model 
17 
Model 
18 
Region 
Japan 
1.7950 
(1.736) 
.
 
Japan 
-101.1 
(-4.2)*** 
Japan 
-0.8400 
(-0.678) 
Japan 
112.04 
(3.8)*** 
N Eu 
17.649 
(2.390)* 
China 
-1734 
(-2.66)** 
Trophic level  
25.67 
(3.8)*** 
 
-27.48 
(-3.32)** 
 
5529 
(2.67)** 
Depth  
0.0223 
(1.238) 
 
-.0069 
(-.312) 
 
27.49 
(2.63)** 
Weight  
-.1579 
(-1.916) 
.
 
 
-.3182 
(-3.13)** 
 
-.2423 
(-.498) 
Lifespan  
0.0467 
(1.269) 
 
-.0027 
(-.060) 
 
4.207 
(6.4)*** 
Zone  
Pel-ner 
-2.100 
(-1.107) 
 
Pel-oce 
3.7502 
(4.3)*** 
 
Pelagic 
22.79 
(5.3)*** 
Interactions  
-23.83 
(-4.3)*** 
 
26.618, 
(3.9)*** 
 
-1.297 
(-7.0)*** 
Dependent Biomass Harvest rate Vulnerability 
Number of 
observations 
50 43 50 43 424 116 
R-squared 0.4401 0.8853 0.0479 0.7925 0.4789 0.9722 
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DISCUSSION 
I. Methodology 
Some congeners are more difficult to identify than others, and many of the papers 
I used listed unidentified congeners of the subject flame retardant chemical. It is probable 
that the authors contributing to many of these papers either intentionally or unknowingly 
left out congener concentrations due to difficulties in identification and quantification, 
which could have a large impact on the sum concentrations of the flame retardant as a 
whole depending on how the sums were calculated. To give an illustrative example, if 
there were hypothetically three total congeners of HBCD, but researchers only knew of or 
had access to standards for two of the three, their measure of HBCD as a whole could be 
different if they calculated that sum concentration by testing for HBCD in general or if 
they tested for the two individual known congeners and simply added those values. In the 
first case, a more accurate value for HBCD is attained although it would include 
unidentified congeners, while in the latter case the value for ΣHBCD could be as much as 
a third lower than what was actually present in the fish. I make the assumption that 
adding congeners myself is not significantly different from using summed concentrations 
given in other similar papers. The observations reflecting my own calculations make up 
about 20% of the dataset, and in the future, I would consider omitting these for more 
integrity in analysis. 
My study was loosely grounded in the assumption that trophic level would 
indirectly relate to sustainability with regard to harvesting and which species are targeted. 
We assume we fish mainly from the top of the food chain, with such examples as tuna 
and swordfish, and since many of these popularly consumed species are overharvested, 
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some would assume that high trophic level could indicate unsustainably harvested 
species. Deeper thought, and evidence presented in a paper published by Sethi, Branch, 
and Watson (2010), say otherwise. In reality, we do not fish bigger and longer-lived 
species simply because they are bigger and longer-lived, we fish where there is greatest 
value. As their analysis over several decades concludes, harvesting trends follow value 
and value does not always follow trophic level; the lowest trophic levels often are 
characterized by the priciest species. Shrimp is a good example of this phenomenon 
(Sethi, Branch, & Watson 2010). Small invertebrate species at the bottom of the food 
web are also often the most vulnerable to environmental stressors and change. Trophic 
level could be a mechanism by which sustainability and contamination are linked, but 
Sethi, Branch, and Watson (2010) show that trophic level is not correlated with 
sustainability, and my own analysis shows that trophic level is not directly correlated 
with PBDE concentrations (Table 6). Investigations such as the one completed by Sethi, 
Branch, and Watson (2010) prove the complexity in the relationship between trophic 
level and sustainability in harvest targeting. 
II. Findings 
Overall, the regions reported in the achieved database show that South America, 
Africa, and the Indian Ocean are extremely underrepresented in the realm of seafood 
contamination data. Not only do comparatively many people live and rely on fish in these 
areas, but these equatorial regions also hold well-known “biodiversity hotspots,” 
implying that these regions in particular could benefit from a common ground between 
human health, sustainability and biodiversity. A major limitation of the database provided 
by this paper is that the data are not ideally representative of globally consumed seafood 
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or contamination levels; the data are clumped in a only few regions of the world: North 
America, Northern Europe, and the Asian Pacific. It could be that seafood contamination 
levels are low in South America, Africa, and India, but it is perhaps more possible that 
they are underrepresented in studies. Difficulties in obtaining standards for comparison 
and in transporting biotic samples across country lines are the most likely factors behind 
the regional skew of the collected data. We can infer from limited environmental 
concentrations that halogenated flame retardants are present in marine and aquatic 
species as well (Odusanya, Okonkwo, & Botha 2009; Sepúlveda et al. 2010; Daso et al. 
2013). It is likely that those species studied by scientists are not a good representation of 
the species regularly consumed globally. 
If ecological sustainability indicators predicted PBDE concentrations, marketing 
healthy seafood would also discourage harvest of vulnerable species. However, my 
analyses confirm that because there is no clear causal relationship between sustainability 
and contamination, a statistical tie is difficult to test and observe. Metrics of sustainability 
serve as proxies for underlying biological and circumstantial variables. Trends in 
contamination and ecological sustainability conflict and balance each other out, resulting 
in weak or counterintuitive effects, and for this reason it was necessary to examine the 
ultimate causes of contamination rates and resilience to harvesting pressures: species life 
history. 
The 4 measures of sustainability, biomass ratio (B current / B MSY ), harvest rate ratio 
(u current / u MSY ), vulnerability, and MBA seafood guide values, did not show robust 
prediction of contamination, with correlation coefficients not exceeding 0.300 (Table 5). 
The biggest difficulty in testing sustainability metrics, apart from defining sustainability, 
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is the lack of available, concordant data. Biomass and harvest rate data taken from Worm 
et al. (2009) are reliable and yet limited (n = 50). Vulnerability values are widely 
available but viewed with criticism in the literature. In addition to the lack of a strong 
causal relationship, these inconclusive results demonstrate the need to look at other 
variables as the ultimate driving factors. 
Each of the biological variables fail to show a correlation with PBDE levels when 
taken individually, but when the model incorporates all life history traits and their 
interactions, a much higher R-squared value is observed (R-squared = 0.6187; Table 6). 
These interactions between variables impact the model in ways exemplified by the 
relationship between trophic level, zone, and depth which I alluded to previously in the 
context of shrimp. Although flame retardants biomagnify and I therefore expect lower 
trophic level species such as shrimp or mussels to have relatively lower contaminant 
level, such species spend much or all of their time at the bottom in the sediment near 
land. These chemicals enter the aquatic environment via runoff from land, and can 
accumulate in coastal sediments (Zegers et al. 2003). Further, although trophic level did 
not show robust correlation with contamination (R-squared = 0.1388), weight and 
estimated lifespan did follow hypothesized trends (Table 6; Fig. 2). Where external 
variables such as sediment may interfere with trophic level-based predictions of 
contamination, the results more definitely show that larger and longer-lived species have 
potentially greater capacity for contamination accumulation. Larger fish require more 
energy for survival, more prey and therefore more biomagnification, and longer-lived 
species have more time to concentrate chemicals which their bodies cannot break down. 
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With some exceptions, larger and longer-lived species are often found at higher trophic 
levels. 
The average values portrayed in Fig. 9 show what was obscured in Fig. 8 by 
North America’s high concentrations. 48% of North American species analyzed here are 
large, which could explain the skew, since both logic and my results support the very 
general but positive relationship between contamination and weight. Excluding North 
America, the average PBDE concentrations in small, medium, and large fish, are 25.82, 
15.93, and 30.13 ng/g. North America and Asia represent the highest contamination rates 
(Fig. 1, 3, 4, & 5). The biological and life history traits I have examined here begin to 
explain this trend. For example, the highest percentage of observations from Asia 
includes small, shallow species, most likely near the coast and point sources of pollution 
(Fig. 12). Many of these same Asian fish are found on the bottom and near sediment (Fig. 
9). In the case of North America, these trends could be due in part to the fact that many of 
the fish originating in North America are freshwater species, from systems such as rivers 
and lakes which are more enclosed than marine environments, characterized by less 
circulation, less dilution, and closer proximity to land; it could also be that North 
America is responsible for 98% of global demand for one of three major PBDE varieties 
(Hale et al. 2003). 
Finally, I test for a relationship between life history factors and ecological 
sustainability (Table 7). Again I am limited by small sample size, but I found higher R-
squared values with biomass, B current / B MSY , harvest rate u current / u MSY , and 
vulnerability (R-squared = 0.8853, 0.7925, 0.9722). Ecological sustainability, as best as I 
can measure it, is influenced by spatial and biological characteristics of regional stocks. 
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III. Implications 
 Little to nothing is known about the actual toxicity of flame retardants. There are 
no government regulations dictating tolerable or acceptable concentrations of any of the 
contaminants mentioned here except mercury, due to recent increased awareness. The 
United States Food and Drug Administration calls for mercury concentrations of 1000 
ppb or less, and an advisory provided by the Washington State Department of Health uses 
the traffic light system to assign green (good) to fish containing 0-76 ppb mercury, 
yellow to 156-316 ppb, and red to 646-1000 ppb (Washington State 2009). As for the 
flame retardants, very few peer-reviewed publications have even examined the toxicity of 
the chemicals in humans (Domingo 2012). Not much information is known about how 
BDD, BDF, BRP, HBCD, MeO-BDE, OH-BDE, or PBB affect human health. Because 
human toxicity data do not exist, most studies use the body burden method of transferring 
animal experimental data to human knowledge (Bakker et al. 2008). It appears that 
spermatogenesis is the most sensitive to the effects of halogenated contaminants (Bakker 
et al. 2008). 
By studying 2,4,6-TBP, a no observed adverse effect level (NOAEL) of 100 
mg/kg b. w. (body weight) per day and a developmental NOAEL of 300 mg/kg b. w. per 
day are observed for BRP, and reproductive effects are seen at 1000 mg/kg b. w. per day, 
while uncertainty was reported with these values (EFSA 2012 BRP). Benchmark dose 
lower confidence limits (BMDL) of 0.79 mg/kg b. w. per day for HBCD and a no 
observed effect level (NOEL) of 0.15 mg/kg b. w. per day for PBB were also tentatively 
reported by the European Food Safety Administration (EFSA 2010 PBB; EFSA 2011 
HBCD). The reports all concluded that the experimental values did not have enough 
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evidence to be used to set regulation standards. A little more is known about the toxicity 
of PBDEs; we know that approximately 60% of dietary PBDE is absorbed into the body, 
but that not much experimental toxicity information pertaining to humans has been 
collected (Bakker et al. 2008; EFSA 2011 PBDE). No adverse effect levels (NAEL) 
observed of BDE-99 with respect to neurodevelopmental toxicity is 18.8-41.4 ng/kg b. w. 
per day and 0.23-0.30 ng/kg b. w. per day at observed impaired spermatogenesis (Bakker 
et al. 2008). 
These vague toxicity data I have reported for flame retardants are also only 
germane when each contaminant is considered one at a time. It is documented that 
chemical contaminants can have a stronger negative effect when working in tandem with 
each other (Domingo 2007). Since contamination of hundreds of different chemicals is 
assumed to be global, this is especially alarming. Although it would be impossible to test 
every combination of manufactured chemicals of concern, the current costly and sluggish 
system of single-species chemical toxicity evaluation is insufficient protection against 
chemicals which are later found to be cancer-causing agents and endocrine disruptors. 
I have found an extreme lack of information concerning the actual effect of these 
flame retardants in ecosystems and in human bodies, and so there is no regulation 
concerning the use of flame retardants. Regulatory policy must be rooted in evidence. 
The content of my database can not immediately be used for analysis of the direct harm 
in flame retardant contamination because there is simply no basis for comparison. An 
important research priority will be to determine threshold levels for detrimental 
concentrations for human and environmental health. 
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Fisheries are often discussed in terms of sustainability, although sustainability is 
difficult to define and nearly impossible to adequately measure. Gerber, Karimi and 
Fitzgerald (2012) acknowledged this difficulty in their multivariate analysis of fish stock, 
health, and sustainability and used “multiple metrics of sustainability…to reflect the 
varying approaches—online and in the literature—to measuring sustainability,” including 
two popular sustainable seafood guides, fishery vulnerability data, and an extensive 
analysis of fishery performance dependent on population size and fishing mortality 
relative to maximum sustainable yield estimates. They found a relationship between 
mercury content and sustainability evaluations derived from the measurements of fishery 
sustainability. The purpose of the current investigation was to gather available flame 
retardant data and determine if they also followed the correlation seen with mercury.  
The sustainability ratings provided to the public by these environmental 
organizations represent a “black box” effect in which results are produced, packaged, and 
distributed to seafood consumers while it is not clear exactly how they arrived at those 
results. The significance of rating a fish type “green for go!” is hard to say; it is unclear to 
the users of these seafood guides and perhaps to the publishers as well what green, 
yellow, or red really mean (Doucleff 2014). It is a reflection of a common point of dissent 
among conservationists. Conservationists are sometimes forced to set a standard of what 
is ideal or good in our minds, because it is difficult to work towards an undefined, 
intangible goal of general “sustainability.” Conservationists working with shifting 
baselines disagree on whether we should accept the changes in the world and man’s 
influence and reimagine nature in the anthropocene, while others argue that we must 
return the world to its optimal, “original” state of pristine wilderness, or to essentially 
41 
 
reset the clock. Most accept that it is impossible to reset the natural world’s clock. The 
world is ever-changing, and we have limited knowledge of the past anyway. There are 
infinitely many different ideas of what conservation ought to be and of what the objective 
is. 
This is the central issue surrounding seafood consumption with regard to both 
human health and sustainability. We do not know what are “good” or what are “bad” 
concentrations of flame retardants in the environment, we know only that the chemical’s 
prevalence is expanding. We have trouble judging sustainability and what is a “good” and 
what is a “bad” harvest of fish and shellfish. It is not known exactly what it means for a 
fish to be labelled green in a sustainable rating system, or whether it is a good 
environmental choice when compared to recognized fisheries, when compared to 
standards of population sizes, or if it is when compared to a fleeting definition of 
sustainable harvest. The traffic light system, like so many other tools of conservation, is 
not perfect, but represents an approach to improving the global fishery infrastructure for 
both anthropocentric and non-anthropocentric purposes. 
In recent publications, scientists have proposed other ideas in the hopes of 
furthering seafood sustainability and improving aquatic management. Micheli et al. 
(2014) evaluated current seafood certification programs and found that although such 
programs have caused change for the better, their effectiveness and impact on 
biodiversity and human well-being could still be advanced. They propose a system of 
seafood certification which emphasizes adaptive and ecosystem-based management 
rather than species-based, reflecting system-wide impacts of fishing. This recommended 
system-wide approach encompasses not only non-human biodiversity, but also the social 
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implications of fishing, taking into account the various socioeconomic factors and human 
stakeholders (Micheli et al. 2014). Similar support for adaptive management (or, 
“continual improvement,” as Micheli et al. describe the concept) is presented by Hobday 
and Maxwell et al. (2014) under the subject of dynamic oceans management. Dynamic 
oceans management would necessitate near real-time changes in where and how 
harvesting occurs according to where and how aquatic life moves through space and time. 
Although radical ideas like this have been rejected in the past, Hobday and Maxwell et al. 
(2014) argue that technology is now ready for the task, and that dynamic management 
would create jobs and ensure sustainability of fisheries. The authors conclude from their 
analysis that there is significant evidence for the success of dynamic oceans management 
schemes which differ regionally, but that the concept is currently under-utilized in policy 
(Hobday & Maxwell et al. 2014). Sustainable seafood is one of many issues in 
conservation for which adaptive and ecosystem-based management poses an ideal 
solution. 
My findings illustrate how the same intrinsic factors which drive contamination 
also predict sustainability indices. Larger, longer-lived, and bottom-dwelling fish 
harvested near the coast are more likely to experience elevated flame retardant retention. 
Region, trophic level, zone, depth, weight, and lifespan together more or less predict both 
flame retardant content and various measures of ecological sustainability. Seafood 
sustainability was measured for this analysis from two different perspectives: one, taking 
into account inherent resilience of a species, and two, considering how we harvest that 
species. Vulnerability values are placed in the first category, while available biomass, 
harvest rate, and seafood guide evaluations fall under the second. Fish harvest around the 
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world naturally depends on practical limitation, and is guided first by value and then by 
feasibility. Coastal species are more at risk because fishing effort is higher to reach 
deeper fish than to reach fish nearer land. The indirect relationship between flame 
retardant concentrations and sustainability via ecological characteristics of fish provides 
support for the “fish down the food chain” mantra, but also more than simply that. 
Fishery collapse might be assuaged by harvesting lower trophic level species because 
often they follow different life history strategies which increase intrinsic resilience to 
fishing pressures, but trophic level alone does not predict success in biodiversity 
conservation. If consumers reduce their demand for small, pricey fish such as shrimp 
farmed extensively in Asia, for example, due to personal health concerns, decreased 
intensity in aquaculture systems would lower related pollution costs and natural resource 
use. Low intensity aquaculture can even create more jobs in local economies, while 
maintaining more ethical conditions by keeping fish in less crowded pens (Dallmeyer 
2003). A coastal relationship with contamination has significance for both wild and 
farmed fish because high fishing efforts occur near land, and fish farms are often built 
into the shoreline. 
However, more than consumer choice among seafood varieties is at stake. People 
don’t want to make informed decisions at every moment, they want to look at a menu or a 
grocery store shelf and know that all options are low in contaminants. Seafood providers 
will follow value, as Sethi, Branch, and Watson (2010) demonstrated, and if consumers 
value private health, providers will shift their efforts to less contaminated stocks and, by 
the relationship I have shown, often less vulnerable species. Fishers depend on the 
continuation and success of their business; their goal is hardly fishery collapse or 
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commercial extinction of their product. However, the influence of consumer choice in 
this way will only cause demand to shift to other fish, at which point that fish will be 
subject to raised harvesting pressures and become less “sustainable.” Rather than 
substituting fish species for another, people and fishers might instead target the chemical 
prevalence itself. 
The presence of flame retardants in the environment has public health 
implications which will become clearer with time. Even now, there is evidence of serious 
sub-lethal effects of similar chemicals in human and non-human species, and awareness 
of the trends I present here should encourage stakeholders to call for more effective 
regulation of chemical use. Chemical interference is one of many factors stressing aquatic 
populations. Similar to how I could not show a link directly between flame retardant 
contamination and ecological sustainability without considering other variables, scientists 
don’t report a direct link from flame retardant concentrations to fish mortality or 
population declines. Many things contribute to the worldwide decline in biodiversity, 
mainly habitat loss and climate change, but flame retardants pose serious concerns which 
should be assumed to have at least some impact on the downward trend. We know they 
interfere with endocrine system functioning, and especially in the context of fish, 
hormonal activity and reproductive success carry huge importance to survival. More 
efficient pre-market testing of industrial chemicals would benefit marine and freshwater 
biodiversity and also human stakeholders. 
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CONCLUSION 
 While ecologically sustainable fisheries and flame retardant contamination are not 
directly correlated in a clear way, they are negatively related via biological and spatial 
drivers. A link tying contamination and sustainability occurs by multiple pathways, some 
of which are causal, and although all contribute to the overall trend, some trends balance 
each other out and confound signals. For example, higher trophic level species may be 
more susceptible to contamination and fishing pressures, but many low trophic level 
species display the same effect. Regional stock characteristics such as depth, weight, 
lifespan, trophic level, and habitat considered collectively predict both flame retardant 
accumulation and indices of sustainability; future analysts might consider structural 
equation modeling to further examine these relationships. Although the regional 
distribution of the available literature describing flame retardant content in seafood 
reveals that South America, Africa, and India are severely underrepresented in the 
relevant scientific knowledge, the dispersal of flame retardants in the environment is 
unknown. Not only is the information inadequately sampled from global fisheries, but 
little is known about how harmful these chemicals are when found in the environment 
and in human bodies. Flame retardants pose subtle threats to living things by acting as 
endocrine disruptors and sometimes carcinogens, and may contribute to the decline in 
marine and aquatic populations. I call for increased monitoring of seafood contamination 
of these chemicals that are emerging in concern and also for toxicity research of flame 
retardants to support relevant policy and public advisories. The coastal connection I 
found in seafood sustainability and health further proves that human reach means human 
influence and exploitation. A link between elevated flame retardant concentrations and 
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reduced ecological sustainability means that more effective advisories could be 
disseminated which recommend seafood choices that are both healthful and 
environmentally friendly. Consumer desire for healthy seafood choices will aid 
conservation goals, while desire for sustainable seafood will simultaneously benefit 
human health; support for each of the two objectives will be strengthened by previously 
uninvolved and unrelated stakeholders. 
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